Tobacco (Nicotiana tabacum) plants strictly adjust the contents of both ATP synthase and cytochrome b 6 f complex to the metabolic demand for ATP and NADPH. While the cytochrome b 6 f complex catalyzes the rate-limiting step of photosynthetic electron flux and thereby controls assimilation, the functional significance of the ATP synthase adjustment is unknown. Here, we reduced ATP synthase accumulation by an antisense approach directed against the essential nuclearencoded g-subunit (AtpC) and by the introduction of point mutations into the translation initiation codon of the plastidencoded atpB gene (encoding the essential b-subunit) via chloroplast transformation. Both strategies yielded transformants with ATP synthase contents ranging from 100 to <10% of wild-type levels. While the accumulation of the components of the linear electron transport chain was largely unaltered, linear electron flux was strongly inhibited due to decreased rates of plastoquinol reoxidation at the cytochrome b 6 f complex (photosynthetic control). Also, nonphotochemical quenching was triggered at very low light intensities, strongly reducing the quantum efficiency of CO 2 fixation. We show evidence that this is due to an increased steady state proton motive force, resulting in strong lumen overacidification, which in turn represses photosynthesis due to photosynthetic control and dissipation of excitation energy in the antenna bed.
INTRODUCTION
The capacity of the photosynthetic light reactions to provide ATP and NADPH must be closely adjusted to their metabolic consumption by the Calvin cycle, the subsequent reactions of dark metabolism such as starch synthesis, and other anabolic pathways within the chloroplast. Upon hyperactivity of the light reactions, the metabolic regeneration of NADP + , ADP, and P i will limit photosynthetic electron transport, resulting in detrimental side reactions. NADP + limitation would result in electron transfer to alternative acceptors, such as O 2 , generating reactive oxygen species. These can damage the photosynthetic apparatus itself and also initiate cell death responses (Kim et al., 2008) .
Reduced ADP and P i regeneration results in substrate limitation of the thylakoid ATP synthase, reducing proton efflux from the lumen and resulting in an increase of the proton motive force (pmf) across the thylakoid membrane (Takizawa et al., 2008; Kiirats et al., 2009) . Under standard growth conditions, the pmf is partitioned into an electrochemical component (DC) and a proton gradient (DpH) in such a way that the pH value of the thylakoid lumen is usually kept between 7.0 and 6.5 (Takizawa et al., 2007) . However, in response to short-term imbalances between proton translocation into the lumen by photosynthetic electron transport and use of the pmf for ATP synthesis, the pH of the thylakoid lumen can drop below 6.5. This initiates photoprotective feedback responses such as nonphotochemical quenching (qN), which is the thermal dissipation of excess excitation energy in the photosystem II (PSII) antenna bed in the form of heat (Szabó et al., 2005) . This is achieved through protonation of the PsbS antenna protein and by activation of the violaxanthin deepoxidase, which converts the xanthophyll violaxanthin into zeaxanthin. Also, plastoquinol (PQ) reoxidation at the cytochrome b 6 f complex (cyt-bf) is slowed down when the lumenal pH falls below 6.5, thereby restricting linear electron flux (reviewed in Kramer et al., 1999) . This mechanism is called photosynthetic control.
Although both protective mechanisms become active at pH values below 6.5, they are fully activated only at a lumenal pH below 6.0, with the cyt-bf response peaking at slightly lower pH values than qN (Takizawa et al., 2007) . In case of a severe imbalance between light reactions and dark metabolism, a more pronounced overacidification of the thylakoid lumen can result in damage to plastocyanin (PC) and disintegration of the oxygenevolving complex of PSII (Krieger and Weis, 1993; Kramer et al., 1999) . However, these types of damage were so far only studied in vitro (Kramer et al., 1999) . It is still a matter of debate whether or not these highly acidic pH values in the lumen can be established in vivo or whether they are efficiently avoided by downregulation of linear electron flux by qN and decreased PQ reoxidation rates. Also, it is still questionable whether plants can control the lumenal pH by altering the relative pmf partitioning into DC and DpH. Under nonstressed conditions, the pmf partitioning can be highly variable between different plant species (Takizawa et al., 2007) . Therefore, a variable partitioning of pmf could conceivably enable plants to regulate the onset of photoprotective mechanisms and avoid photodamage by overacidification.
While the short-term responses of plants to an imbalance between light reactions and dark metabolism are well understood, much less is known about the long-term adjustment of photosynthetic electron transport and the proton circuit to a reduced metabolic demand. Long-term changes in assimilation capacity are known to occur during leaf ontogenesis, when assimilation declines with leaf age (Schö ttler et al., 2004 (Schö ttler et al., , 2007a , but also in response to several environmental stresses, such as drought stress (Tezara et al., 1999) . Also, light intensities during growth strongly alter leaf assimilation capacity. Under the majority of these conditions, photosystem I (PSI) contents are constant (Anderson et al., 1988; Bailey et al., 2001; Schö ttler et al., 2004) . Also, PSII contents do not change much, except upon changes in growth light intensity (Bailey et al., 2001) . Good indications exist that the capacity of linear electron flux is predominantly controlled by cyt-bf contents, which are highly variable and closely correlated with assimilation capacity (Evans, 1988; Anderson, 1992) . This observation is in line with cyt-bf catalyzing the rate-limiting reaction step of linear electron transport, PQ reoxidation (Hope, 2000; Kirchhoff et al., 2000) . Indeed, a strong contribution of cyt-bf to photosynthetic flux control has been shown by antisense repression of its essential Rieske Fe 2 -S 2 -containing subunit (Price et al., 1995 (Price et al., , 1998 . PC content was also shown to correlate with photosynthetic flux rates (Burkey, 1993 (Burkey, , 1994 Schö ttler et al., 2004) .
Finally, substantial changes in ATP synthase contents in response to changes in light intensity (Anderson et al., 1988; Evans, 1988) , leaf age (Schö ttler et al., 2007a) , and drought stress (Tezara et al., 1999; Kohzuma et al., 2009 ) have been reported, and these also parallel assimilation capacities. However, the functional significance of the adjustments of ATP synthase content has remained unclear, especially because other components of the photosynthetic apparatus (in particular, cyt-bf) show parallel changes under most of these conditions, possibly suggesting a coregulation.
To determine the contribution of the ATP synthase to photosynthetic flux control, we specifically repressed the ATP synthase content in tobacco (Nicotiana tabacum) using two independent approaches. First, we repressed the AtpC gene encoding the essential g-subunit with an antisense approach. In Chlamydomonas reinhardtii, it has been shown that AtpC availability controls the biogenesis of the ATP synthase complex (Drapier et al., 2007) . Downregulation by an antisense strategy was appropriate because an Arabidopsis thaliana atpC T-DNA insertion line suffered from destabilization of the entire complex and degradation of the other ATP synthase subunits, so that photophosphorylation was entirely abolished (Bosco et al., 2004) . In addition, we repressed the translation initiation efficiency of the essential chloroplast-encoded b-subunit, encoded by the atpB gene, which forms part of the catalytic center of the extrinsic CF 1 subcomplex of the ATP synthase.
We report here the generation of transgenic and transplastomic tobacco lines that contain ATP synthase contents from 100% to <10% of wild-type levels. Physiological analysis of lines with greatly reduced ATP synthase revealed a strongly increased pmf across the thylakoid membrane, leading to the activation of photoprotective mechanisms and downregulation of linear electron flux already in low light. This resulted in repressed leaf assimilation and plant growth, supporting a central role of the ATP synthase in regulating photosynthesis. Additionally, the analysis of these mutants enabled the identification of regulated steps of ATP synthase biogenesis in higher plants.
RESULTS

Generation of AtpC Antisense Lines and Functional Organization of Their Photosynthetic Apparatus
The AtpC antisense plants were obtained from a large collection of antisense lines generated from a tobacco leaf cDNA library (Lein et al., 2008) . The tobacco AtpC antisense construct was generated from an EST covering a 601-bp-long fragment of the AtpC gene (spanning positions 760 to 1361 of the coding region). This region is unique to AtpC. Searches of the AtpC EST against all known tobacco ESTs (in the National Center for Biotechnology Information [NCBI]), the complete Arabidopsis genome (in NCBI and The Institute for Genomic Research [TIGR] ), and all Solanaceae species (in TIGR) did not reveal any sequence stretches with more than 18 bp homology. Therefore, off-target effects of the chosen antisense sequence are unlikely to occur. However, as the tobacco genome is not yet fully sequenced, they cannot be entirely excluded (see Discussion).
Transformation of tobacco plants with the antisense construct yielded several transgenic lines, two of which were characterized in detail. Whereas one line displayed a strong growth retardation (line atpC1), the other showed only a mild growth phenotype (line atpC2; Figure 1A ). Flowering of the atpC2 mutant was delayed on average by 3 to 4 d, while flowering of the atpC1 mutant was delayed by several weeks in comparison to the wild type. In general, the strength of the growth phenotypes was somewhat variable between individual progeny plants. This is typical of antisense transformants because the underlying epigenetic effect is reset in meiosis (Kooter et al., 1999) .
Transcript accumulation was analyzed by RNA gel blot analysis and revealed a much stronger repression of the AtpC transcript abundance in line atpC1, in agreement with the growth phenotypes ( Figure 1B ). To analyze adaptive responses of the photosynthetic apparatus to the AtpC antisense repression, we determined several physiological parameters using the youngest fully expanded leaf of plants at the onset of flowering, usually leaf number six or seven from the top. We measured leaf absorptance and chlorophyll content, chlorophyll a/b ratio, assimilation and respiration capacities, the quantum efficiency of CO 2 assimilation, maximum quantum efficiency of PSII, and photosynthetic complex contents (Table 1) . While chlorophyll content, chlorophyll a/b ratio, and leaf absorptance were comparable in the wild type and the weak atpC2 antisense line, the strong antisense line suffered from a slight reduction in chlorophyll content, which, however, did not significantly alter leaf absorptance. The most pronounced effect in the strong antisense line was a clear reduction in leaf assimilation capacity to ;40% of the levels in the wild type and the atpC2 plants. Respiration was unaltered. The quantum efficiency of CO 2 assimilation, as determined from the linear ranges of light response curves between 0 and 40 mmol photons m 22 s 21 , was slightly reduced in the strong antisense line.
Interestingly, the chlorophyll a/b ratio was clearly reduced in the strong atpC1 mutant, suggesting a remodeling of the photosynthetic apparatus. Therefore, photosynthetic complex accumulation was determined spectroscopically. When normalized to chlorophyll content, neither PSII nor cyt-bf contents differ significantly between the wild type and the antisense lines. Also, PSII function does not seem to be impaired in the antisense lines, as indicated by the unaltered F v /F m values of dark-adapted leaves (Table 1) . Interestingly, PC accumulation was increased to 150% of wild-type levels in the strong antisense line, while its PSI contents were slightly reduced, which concurs with its reduced chlorophyll a/b ratio (Table 1) . These spectroscopic data were independently confirmed by protein gel blots ( Figure 1C ). No changes in the accumulation of PSII (probed with an antibody directed against the essential reaction center subunit PsbD), cytbf (probed with an antibody against the essential PetA subunit), and PSI (probed with an antibody against the essential reaction center subunit PsaA) could be detected. The small decrease of redox-active PSI determined spectroscopically is below the resolution of protein gel blots.
The content of ATP synthase, as determined using an antibody against AtpA, the essential a-subunit of CF1, was clearly diminished in both antisense lines ( Figure 1C ). While in the weak antisense line atpC2, ATP synthase contents ranging between 100 and ;65% of wild-type levels were observed, the ATP synthase content was much more reduced in the strong antisense line atpC1. In this line, ATP synthase contents ranging between 25 and 10% of the wild-type contents were determined. We only probed a single subunit of the ATP synthase, as loss of all subunits had previously been shown for an AtpC knockout line in Arabidopsis, indicating that all other subunits are degraded when they cannot assemble together with AtpC into a stable complex (Bosco et al., 2004) .
The effects of AtpC suppression on antenna complexes was assessed by 77K chlorophyll-a fluorescence emission spectra ( Figure 1D ), which, in the mutants, do not differ from the wild type, indicating that the strong antisense line can compensate for the small reduction in PSI reaction center contents by an antenna redistribution between both photosystems. In summary, these data suggest that the pronounced growth phenotype of the strong antisense line is specifically attributable to the reduced ATP synthase abundance.
Generation and Molecular Characterization of atpB Translation Initiation Mutants
To test an independent set of ATP synthase mutants that do not rely on epigenetic suppression of nuclear gene expression, we also wanted to reduce the expression level of an essential plastid genome-encoded ATP synthase subunit by generating transplastomic tobacco plants. To this end, point mutations were introduced into the AUG translation initiation codon of the atpB mRNA. The translation initiation codon is a major determinant of the rate of plastid translation initiation (Sugiura et al., 1998 ; (A) Growth phenotypes of tobacco wild type (WT) (cultivar SNN) and weak (atpC2) and strong antisense lines (atpC1). Plants were photographed 14 weeks after germination when the wild type started to flower. Bar = 10 cm. (B) RNA gel blot of AtpC mRNA accumulation demonstrating that the strength of the visible phenotype correlates with the degree of AtpC mRNA repression. (C) Protein gel blot analyses of AtpC antisense plants. For approximate quantitation, wild-type samples were diluted to 25 and 50%, respectively (lanes 1 and 2), followed by the undiluted wild-type sample and samples from the weak and strong antisense lines. Photosynthetic complex abundance was determined from the contents of essential subunits of PSII (PsbD), cyt-bf (PetA), PSI (PsaA), and the ATP synthase (AtpA). (D) The 77K chlorophyll-a fluorescence emission spectra supporting unaltered antenna distribution between both photosystems in the wild type (filled line), the weak antisense line (long dash), and the strong antisense line (dotted line).
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The Plant Cell Majeran et al., 2000) . In addition to the standard translation initiation codon AUG, two alternative start codons exist in plastids: GUG and UUG. While GUG is used as an initiation codon in both algae and higher plant chloroplasts, UUG has so far been found only in eukaryotic algae (Sugiura et al., 1998; Hirose et al., 1999) . In a tobacco in vitro translation system, both alternative start codons can be recognized as translation initiation codons, but their translation initiation efficiency is much lower than that of the standard AUG codon (Hirose et al., 1999; Hirose and Sugiura, 2004) . Therefore, transplastomic plants with these point mutations should accumulate reduced amounts of chloroplast ATP synthase. The TTG and GTG mutations were introduced into a cloned plastid DNA fragment, and a chimeric aadA gene was inserted in the intergenic spacer between the rbcL gene and atpB ( Figure  2A ). The aadA confers resistance to spectinomycin and serves as a selectable marker gene for chloroplast transformation (Svab and Maliga, 1993) . The resulting transformation vectors were termed aadA-atpB (control construct containing the aadA but no mutation in the start codon), TTG-atpB, and GTG-atpB ( Figure  2A ). Chloroplast transformation experiments using the biolistic protocol yielded several transplastomic lines, which were purified to homoplasmy by additional selection and regeneration rounds. Two lines per construct were characterized in detail ( Figures 2B to 2D) . First, homoplasmy of the transformants was confirmed by restriction fragment length polymorphism analysis ( Figure 2B ). All mutant lines exclusively gave rise to a single hybridization signal of 7.2 kb, strongly suggesting that they were homoplasmic. Subsequently, the homoplasmic presence of the point mutations in the TTG-atpB and GTG-atpB mutants was confirmed by DNA sequencing. Finally, inheritance tests were performed as the most sensitive approach to distinguish homoplasmy from heteroplasmy (Svab and Maliga, 1993; Bock, 2001) . Wild-type seeds germinated on spectinomycin were completely white, while the mutant seedlings were homogeneously green, confirming the homoplasmic state of the transformants.
To characterize atpB expression in the transplastomic lines, we first compared transcript accumulation for atpB, rbcL, aadA, and the nuclear-encoded AtpC gene by RNA gel blot analysis ( Figure 2C ). The wild type displayed two similarly abundant bands for the atpB transcript, which may be attributable to the presence of multiple promoters upstream of the atpB gene (Chen et al., 1990) . By contrast, all transformants contained only the shorter atpB transcript, which accumulated to similar levels as in the wild type. This indicates that the insertion of the aadA selectable marker gene has disrupted one of the atpB promoters. Accumulation of the rbcL mRNA was unaltered in all transformants, confirming that the insertion of the selectable marker gene between atpB and rbcL did not interfere with rbcL transcript accumulation. As expected, the aadA selectable marker gene was strongly expressed in all mutants and not detectable in the wild type. Expression of the nuclear AtpC gene was unaltered in all transformants when compared with the wild type.
To assess the effects of the TTG-atpB and GTG-atpB point mutations on translation, we determined the degree of polysome loading of the atpB mRNA as a proxy of translational activity (Barkan, 1998;  Figure 2D ). Sucrose gradient ultracentrifugation was used to separate mRNAs according to their loading with ribosomes, and six fractions were collected from the gradient after centrifugation. To distinguish between fractions of the sucrose gradient containing free atpB mRNA that is not associated with ribosomes and fractions containing the ribosomeassociated, actively translated mRNAs, a sample was treated with puromycin, resulting in ribosome dissociation and release of the mRNA. The puromycin control indicates that free mRNAs are strongly enriched in fraction 2 of the sucrose gradient, while almost no signal is obtained for fractions 4 to 6. Therefore, mRNAs found in fractions 4 to 6 are ribosome associated and actively translated.
For the wild type, the strongest mRNA signals were obtained in fractions 4 and 5 ( Figure 2D ), while considerably weaker signals were detectable in fractions 3 and 6. Both atpB transcript species showed the same distribution in the gradient, indicating that their translation efficiency is comparable. The aadA-atpB control showed a similar mRNA distribution in the sucrose gradient as the wild type, suggesting that the translation rates are very similar to those in the wild type. The TTG-atpB mutation resulted in a clear shift of the polysome profile toward the upper fractions, indicating reduced translational efficiency. However, the strongest signal was still observed in fraction 2.38 6 0.13 1.97 6 0.12 2.37 6 0.14 ECS time constant (ms) 23.5 6 2.8 52.5 6 17.9 26.6 6 2.8
All measurements were performed on the youngest fully expanded leaves of plants at the onset of flowering. A minimum of eight plants per line were measured, and the SD is given. (D) Polysome loading analysis to determine atpB translation rates in the atpB start codon mutants. Polysome association of the atpB mRNA was determined by fractionation of the sucrose gradient into six fractions. Polysome dissociation induced by puromycin treatment was used to identify fractions containing free mRNAs. These are only found in fractions 1 to 3, indicating that fractions 4 to 6 contain actively translated mRNAs. Fraction numbers are given above (from top to bottom), and the wedge indicates the increasing sucrose concentration in the gradient. The ethidium bromidestained agarose gel is shown below each blot.
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The Plant Cell four, suggesting that the majority of the atpB mRNA is still translated. By contrast, the GTG-atpB mutant showed a severe alteration of the polysome profile. Similar to the puromycin control, signals were only obtained for the upper three fractions ( Figure 2D ), suggesting that atpB translation was largely abolished in this mutant.
In spite of the translational defects in the TTG-atpB and especially the GTG-atpB mutants, all transformants could grow autotrophically in soil. For Figure 3A , all plants were photographed 12 weeks after germination. While the wild type and the aadA-atpB control plants were phenotypically indistinguishable and started to flower, growth of the TTG-atpB mutant was clearly retarded. On average, onset of flowering was delayed by 1 week. Growth of the GTG-atpB mutant was severely compromised, and the plants flowered only after 6 to 9 months, producing much less flowers and seeds than the wild type and the other mutants. Therefore, the observed growth phenotypes are well in line with the translation rates as estimated from the polysome profiles.
Analysis of the Photosynthetic Apparatus in atpB Translation Mutants
To assess the impact of reduced atpB translation on the photosynthetic apparatus, the same physiological measurements as described for the atpC antisense plants were performed on the youngest fully expanded leaves of plants in the developmental stage shown for the wild type and the aadA-atpB control plants in Figure 3A . Interestingly, neither leaf absorptance, chlorophyll content, chlorophyll a/b ratio, assimilation, respiration, maximum PSII quantum efficiency, nor photosynthetic complex contents showed significant differences between the wild type, the aadAatpB control transformant, and the TTG-atpB mutant (Table 2) . Only the strongly affected GTG-atpB mutant suffered from a >50% reduction of chlorophyll content per leaf area, which also resulted in an ;10% reduction in leaf absorptance (Table 2) .
Furthermore, its assimilation capacity per leaf area was repressed to 5% of wild-type levels, and respiration was reduced to 40% of wild-type rates. The quantum efficiency of photosynthesis in the GTG-atpB mutant was strongly reduced. Assimilation of one CO 2 required 27 quanta, while in the wild type, the aadA-atpB control, and the TTG-atpB mutant, 11 to 12 quanta per CO 2 were sufficient. Furthermore, the chlorophyll a/b ratio was strongly reduced in the GTG-atpB mutant, which, as in the atpC1 line, is attributable to a diminished accumulation of PSI, while PC contents per chlorophyll were strongly increased ( Table  2) . Accumulation of cyt-bf and PSII were unaltered. Measurements of the maximum quantum efficiency of PSII indicated that the GTG-atpB transformants suffered from mild photoinhibition of PSII.
The spectroscopically determined contents of the photosynthetic complexes were confirmed by protein gel blots ( Figure 3B ) using the same antibodies as described for the atpC antisense plants. In spite of their similar growth phenotype, the aadA-atpB control plants showed an ;25% reduction in ATP synthase contents, relative to the wild type. Interestingly, while growth and atpB translation rates were clearly reduced in the TTG-atpB mutant, ATP synthase levels were indistinguishable from the aadAatpB control (i.e., both had a 25% reduction in ATP synthase contents). ATP synthase accumulation in the strong GTG-atpB mutant was repressed to below 10% of wild-type levels, consistent with the strong reduction of both atpB translation rates and plant growth.
Finally, we also recorded the 77K chlorophyll-a fluorescence emission spectra ( Figure 3C ). The fluorescence emission signals of the wild type, aadA-atpB, and the TTG-atpB mutant were (A) Growth phenotypes of tobacco wild type (WT), aadA-atpB control plants, and atpB translation mutants. Plants were photographed 12 weeks after germination when the wild type started to flower. Note mild growth reduction and slightly delayed flowering in the TTG-atpB mutant but severely retarded growth in the GTG-atpB mutant. Bar = 10 cm. (B) Confirmation of the loss of ATP synthase in the atpB translation mutants by protein gel blot analysis. The GTG-atpB mutant also shows a small reduction in PSI (PsaA). For approximate quantitation, wild-type samples were diluted to 25 and 50%, respectively (lanes 1 and 2), followed by the undiluted wild-type sample, the aadA-psaA control plant, and samples from the TTG-atpB and GTG-atpB transplastomic lines. Photosynthetic complex abundance was determined from the contents of essential subunits of PSII (PsbD), cyt-bf (PetA), PSI (PsaA), and the ATP synthase (AtpA). (C) The 77K chlorophyll-a fluorescence emission spectra of wild-type tobacco (dark-blue line), the aadA-atpB control (red line), the TTG-atpB mutant (green line), and the GTG-atpB mutant (light-blue line).
indistinguishable, which is consistent with unaltered photosynthetic complex accumulation and chlorophyll a/b ratios, suggesting that also their antenna organization is unaltered. By contrast, the strong GTG-atpB mutant showed a small shift of the PSI emission maximum from 733-to 731-nm wavelength. This shift is indicative of the presence of light-harvesting complex I proteins uncoupled from PSI, which would be in agreement with the reduced PSI accumulation and the decreased chlorophyll a/b ratio (Table 2) .
ATP Synthase Activity Strictly Correlates with Linear Electron Flux and Assimilation Capacity but Not with ATP Synthase Contents
To understand the strong effect of ATP synthase repression on growth in both the atpC1 antisense and the GTG-atpB translation mutant in more detail, we next determined the ATP synthase activity by means of the fast dark-relaxation kinetics of the maximum electrochromic absorption shift (ECS T ), which represents a measure of the light-induced pmf across the thylakoid membrane (Cruz et al., 2001; Kramer et al., 2003; Takizawa et al., 2007) . The relaxation of the pmf upon a light-dark transition is determined mainly by the efflux rate of protons through the ATP synthase and therefore serves as a measure for ATP synthase activity. All measurements were performed under steady state conditions with a fully activated Calvin cycle and in saturating CO 2 to avoid limitation of ATP synthase activity by the metabolic regeneration of ADP and inorganic phosphate.
The average relaxation halftime was 23.5 ms in the wild-type cultivar SNN (Table 1 ) and nearly unaltered in the weak atpC2 antisense line (26.6 ms), indicating that ATP synthase activity is largely unaffected in fully expanded leaves. In the strong antisense line, the halftime was increased to 53 ms (i.e., ATP synthase activity was reduced to <50% of wild-type levels). Among the atpB translation mutants, only the GTG-atpB mutant showed a drastic alteration of the pmf relaxation halftime. While the wild type, the aadA-atpB control, and the TTG-atpB plants all displayed relaxation half-times of 22 to 24 ms, the relaxation halftime was increased to 90 ms in the GTG-atpB mutant ( Table 2 ), revealing that thylakoid membrane proton conductivity was reduced to 25% of wild-type values.
To analyze the dependence of ATP synthase activity on ATP synthase content in more detail, we performed quantitative protein gel blots. ATP synthase contents of all samples were normalized relative to the sample with the highest enzyme content. The reciprocal values of the relaxation halftime (e.g., the conductivity of the thylakoid membrane to protons [g H + ] , which is proportional to ATP synthase activity) were then plotted as a function of ATP synthase content ( Figure 4A ). An up to 50% reduction in ATP synthase content does not result in a clear decrease of ATP synthase activity, strongly indicating a complex posttranslational regulation of ATP synthase activity. Only for the atpC1 antisense line and the GTG-atpB translation initiation mutant was a clear correlation between content and activity observed.
Next, we analyzed the dependence of assimilation capacities per leaf area ( Figure 4B ) and linear electron flux (as determined from the quantum yield of PSII after correction for leaf absorptance; Figure 4C ) on ATP synthase activity (g H + ). In the GTG-atpB mutant and the atpC1 antisense line, a clear correlation between ATP synthase activity, assimilation capacity, and linear electron flux was observed, suggesting that ATP synthase activity is limiting leaf assimilation and controlling electron transport once ATP synthase is strongly repressed.
ATP Synthase Repression Results in Increased Lumen Acidification and Accelerated Induction of Photoprotective Mechanisms
To test if the parallel repression of leaf assimilation and ATP synthase activity is a consequence of a restricted availability of ATP to the Calvin cycle or, alternatively, is due to feedback effects of the reduced thylakoid conductivity on electron transport, we analyzed the responses of linear electron flux and the proton circuit in detail. First, we determined light response curves of the pmf ( Figure 5A ) and its partitioning into DpH and All measurements were performed on the youngest fully expanded leaves of plants at the onset of flowering. Six wild-type plants and a minimum of four plants per transformant line were measured. As the two independently generated transplastomic lines for each constructs were indistinguishable, average data and the SD from two lines per construct are shown.
310
The Plant Cell DC ( Figure 5B ). The two components of the pmf can be distinguished by measuring the slow phase of ECS relaxation in the range of seconds, which is attributable to slow counter ion movements across the thylakoid membrane and proportional to the DpH component (Cruz et al., 2001 , Baker et al., 2007 . The ECS T amplitudes clearly show that, as a consequence of the lower thylakoid conductivity in both the strong antisense line and the GTG-atpB transformant, the maximum pmf across the thylakoid membrane is strongly increased, and its light response curve is shifted to lower light intensities. In both mutants, pmf was fully light saturated at 500 mmol photons m 22 s 21 , and already at 200 mmol photons m 22 s -1 light intensity, >80% of the maximum pmf was established. In the wild-type plants as well as in the aadA-atpB control and in the TTG-atpB mutant, pmf was only saturated at 2100 mmol photons m 22 s -1 light intensity. The weak antisense line showed a tendency toward a slightly increased pmf at all light intensities, relative to the wild-type SNN. While pmf partitioning into DpH and DC was not significantly different at saturating light intensities, the pmf partitioning under low light was clearly shifted in favor of the DC component both in the strong antisense lines and the GTG-atpB mutant ( Figure 5B ). However, relative to the wild type, the DpH components in the strong antisense line and in the GTG-atpB mutant were still 3 and 2 times larger at 200 mmol photons m 22 s 21 , respectively, resulting in a more acidic thylakoid lumen.
To determine the effects of the increased lumen acidification in atpC1 and GTG-atpB mutants on the efficiency of linear electron flux and PSII antenna function, we measured light response curves of linear electron flux and of the chlorophyll-a fluorescence parameters qN and qL, which represent measures of the thermal dissipation of excess excitation energy and of the redox state of the PSII acceptor side, respectively (Krause and Weis, 1991; Baker et al., 2007) . In agreement with the lower assimilation rates determined by gas exchange measurements (Figure 4 , Tables 1 and 2), linear electron transport rates were strongly reduced in the atpC1 antisense line and even more so in the GTG-atpB mutant ( Figure 6A ). The PSII acceptor side was more rapidly reduced already at low light intensities in the atpC1 antisense line and in the GTG-atpB mutant, as revealed by their much lower qL values, suggesting an impaired linear electron flux ( Figure 6B) . Finally, the onset of qN was accelerated in GTGatpB and in both antisense lines, though the effect was much weaker in atpC2 than in atpC1 ( Figure 6C ). From the more acidic thylakoid lumenal pH in the antisense lines, it was expected that the strong induction of qN in low light is largely attributable to its rapidly reversible qE component (i.e., the thermal dissipation of excitation energy in the PSII antenna by the xanthophyll cycle and the PsbS protein). This was confirmed by analyzing the relaxation of qN during the first 15 min after the end of actinic illumination. In both antisense lines and in the wild type, the vast majority of qN relaxed within 10 min after the end of actinic illumination, confirming that quenching is of the qE type (PSII photoinhibitory quenching, qI, relaxes much more slowly; Krause and Weis, 1991) . The same holds true for the atpB translation mutants.
The more reduced state of the PSII acceptor side, as deduced from the light response curve of qL ( Figure 6B ), could either be the consequence of a general reduction of metabolic NADPH consumption due to ATP limitation of the dark metabolism or, alternatively, could be due to impaired linear electron flux from PSII to NADP + as a result of the more acidic thylakoid lumen. To distinguish between these two possibilities, we next determined the light response behavior of the PSI donor side by quantifying the increase in oxidized inactive PSI with the light intensity ( Figure 7A ). While the PSII acceptor side and the PQ pool were much more reduced in the strong antisense line and in the GTGatpB mutant than in the respective wild type (Figure 6B ), the PSI donor side showed the opposite redox behavior. It was much more oxidized already at low light intensities, indicating a restricted linear electron flux from PSII toward PSI. No differences between the SNN wild type and the weak antisense line or between the Petit Havana wild type, the aadA-atpB control, and the TTG-atpB mutant was found ( Figure 7A ). This strongly suggests that in both the GTG-atpB mutant and the strong antisense line, linear electron flux is restricted at the level of cytbf or PC.
To determine the exact site of flux limitation, we measured reduction kinetics of cyt-f and P 700 after the end of a saturating light pulse, when the PSII acceptor side and the PQ pool are completely reduced and the high potential chain comprising cyt-f, PC, and the PSI reaction center chlorophyll-a special pair dimer P 700 is fully oxidized. After the end of the light pulse, electron flux through the cyt-bf toward PSI was determined. For better comparability, the fully oxidized states of cyt-f ( Figure 7B ) and P 700 ( Figure 7C ) were normalized to one, and the completely reduced states were normalized to zero. In agreement with their basically identical light response curves of P 700 oxidation ( Figure 7A ), the cyt-f and P 700 reduction kinetics of the SNN wild type and the weak antisense line were also indistinguishable (with P 700 reduction half-times being 7 ms). However, the reduction kinetics in the strong antisense line were 2.5-fold slower, with the halftime of P 700 reduction being increased to 17 ms. This finding is well in line with the observed decrease of leaf assimilation and linear electron flux rates ( Figures 4A and 4B ) and the altered redox poise of the electron transport chain (Figures 6B and 7A ).
The same is true for the GTG-atpB mutant, whose P 700 reduction half-time was increased to 22 ms compared with 6 ms in the PH wild type, the aadA-atpB control, and the TTG-atpB mutant. This is again in good agreement with the strong repression of linear electron flux and assimilation.
DISCUSSION
Modification of Chloroplast ATP Synthase Accumulation by AtpC Antisense Repression and Manipulation of atpB Translation
In the unicellular green alga C. reinhardtii, the accumulation of the chloroplast ATP synthase is controlled in part by the synthesis of the nuclear-encoded g-subunit. In its absence, translation of the plastid-encoded b-subunit (atpB) is repressed (Drapier et al., 2007) . As accumulation of the b-subunit is required to activate translation of the a-subunit of the ATP synthase, atpC and atpB function as dominant subunits in a network of translational autoregulation of ATP synthase biogenesis in C. reinhardtii. It is currently unknown if the same mechanisms control ATP synthase biogenesis in higher plants. In this work, we targeted both atpC (by a nuclear antisense approach) and atpB (by reducing its translation initiation in the chloroplast) to repress ATP synthase accumulation in tobacco and study the impact on photosynthesis, assimilation, and plant growth. 
the ECS signal after a light to dark transition (ECS T ) is plotted against the actinic light intensity. (B)
The partitioning of pmf into its DpH and DC components is plotted versus the actinic light intensity. Partitioning was determined from the proportion of the slow relaxation kinetics of the ECS attributable to counter ion movements across the thylakoid membrane (ECS inv ), relative to ECS T . While total pmf is strongly increased in the GTG-atpB and in the antisense lines, especially at low light intensities, the fraction of pmf stored as DpH is slightly reduced.
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Our data show that both AtpC antisense repression and manipulation of atpB translation initiation are feasible strategies to modify chloroplast ATP synthase accumulation. The successful repression of ATP synthase accumulation in our transplastomic approach demonstrates that photosynthetic complex contents in higher plants can be altered by reducing translation of an essential subunit.
In vitro translation assays suggested that both UUG and GUG can serve as alternative start codons in chloroplast translation initiation but are recognized with much lower efficiency than the standard AUG initiator codon (Hirose et al., 1999; Hirose and Sugiura, 2004) . However, an exact prediction of in vivo translation initiation rates for these alternative start codons is not possible because their efficiency depends strongly on the sequence context around the initiation codon (Boeck and Kolakofsky, 1994) . In our experiments, only the GTG-atpB transplastomic lines suffered from a strong repression of ATP synthase accumulation, assimilation, and linear electron flux (Figure 4 ) and displayed strongly retarded growth ( Figure 3A ). Mature leaves of both the TTG-atpB mutant and the aadA-atpB control showed on average a 25% reduction of ATP synthase contents, relative to the wild type ( Figure 4A ). However, this did not result in a significantly reduced ATP synthase activity. Also, no alterations in electron transport and assimilation capacities were observed ( Figures 4B and 4C) , and all other photosynthetic parameters were indistinguishable from the control plants (Table 2) .
The reduced ATP synthase accumulation in both the aadAatpB control and the TTG-atpB mutant is most likely attributable to the 50% reduction in atpB mRNA accumulation observed in all atpB translation initiation mutants. The reduced mRNA accumulation is due to the disruption of a second, so far unknown atpB promoter in the tobacco plastome by the insertion of the aadA selectable marker gene ( Figure 2C ). It is not surprising that the actual ATP synthase accumulation in the aadA-atpB control and the TTG-atpB mutant is much less affected than atpB mRNA levels, as it is well established that translation initiation rather than transcription is limiting photosynthetic complex accumulation in photosynthetic eukaryotes (Eberhard et al., 2002; Drapier et al., 2007) .
Interestingly, polysome analyses revealed that also in the TTGatpB mutant, atpB translation was somewhat reduced, relative to the wild type and the aadA-atpB control, even though the effects were much less severe than those in the GTG-atpB mutant, in which atpB translation was almost completely abolished. This slight reduction of atpB translation in the TTG-atpB mutant might explain the weak growth retardation relative to the aadA-atpB control, which displayed a similar (;25%) reduction in ATP synthase contents in mature leaves as the TTG-atpB mutant. The reduced atpB translation could slightly delay ATP synthase biogenesis during the early stages of leaf development, when translation rates are highest. This would limit photosynthesis during early phases of plant development, when growth is most sensitive to delayed establishment of a fully functional photosynthetic apparatus and reduced photoassimilate availability. In mature leaves, when the photosynthetic apparatus is fully established and low translation rates are sufficient for its maintenance, ATP synthase contents then reach wild-type levels. Due to the limited availability of young, strongly expanding leaf material, we have not yet been able to test this hypothesis.
As a second independent approach and to obtain mutants covering a wider range of ATP synthase contents, we also used antisense RNA directed against the nuclear-encoded essential 
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The Plant Cell AtpC subunit. We analyzed two lines suffering from different degrees of ATP synthase repression in detail. One of the lines (atpC1) showed a strong growth phenotype and a clear reduction in ATP synthase accumulation, providing ATP synthase activities between those of the GTG-atpB translation mutant and the wild type. The other line (atpC2) showed only a mild reduction in ATP synthase accumulation, and linear electron flux and assimilation were largely unaltered relative to the wild type. Taking the translation initiation mutants and the antisense plants together, a wide range of ATP synthase contents and activities is covered. One concern arising from employing an antisense strategy is the possibility that the observed phenotypes are not exclusively related to the repression of the target gene. In theory, other genes could be affected by so-called off-target effects. These could be brought about by posttranscriptional silencing of genes sharing short identical sequence stretches with the gene of interest. As the tobacco genome is not fully sequenced, it is not possible to fully exclude such off-target effects. However, two lines of evidence argue against the presence of off-target effects in our nuclear-transgenic antisense plants. First, no EST from tobacco or any other Solanaceous species was found that would share homologous sequences of >18 bp length with AtpC. More importantly, comparison of phenotypes and photosynthetic parameters in nuclear antisense and the plastid translation mutants provides strong evidence against off-target effects. The GTGatpB and atpC1 mutants behave in a very similar manner, as far as the effects of reduced ATP synthase activity on linear electron transport and leaf assimilation capacity are concerned ( Figures  4B and 4C) , with all parameters being slightly more affected in the GTG-atpB mutant due to its more severe ATP synthase repression. Both mutants also suffer from an accelerated induction of qN already at low light intensities ( Figure 6C ) due to increased lumen acidification ( Figures 5A and 5B ), resulting in a decreased quantum efficiency of CO 2 fixation (Tables 1 and 2 ). They also suffer from a chronic overreduction of the PSII acceptor side ( Figure 6B ) and an accelerated oxidation of the PSI donor side ( Figure 7A ) due to decreased rates of PQ reoxidation at the cyt-bf ( Figures 7B and 7C) . Finally, both mutants also show a reduced PSI accumulation and an upregulation of PC (see below). Therefore, the observed effects are independent of the chosen strategy for ATP synthase repression.
Decreasing ATP Synthase Contents Reduces CO 2 Assimilation, Electron Transfer, and Plant Growth ATP synthase repression to <50% of wild-type levels resulted in a marked reduction of ATP synthase activity. Strikingly, we observed a strict correlation between the activity of the ATP synthase, measured by the decay of the ECS signal, and assimilation capacity ( Figure 4B ) as well as linear electron flow ( Figure  4C ), establishing ATP synthase activity as a potentially limiting or governing factor of photosynthesis. This observation is in agreement with the growth phenotypes reported by Price et al. (1995) for d-subunit antisense lines, although at that time, no analysis of the molecular mechanisms underlying the growth retardation was undertaken. It has also been observed that mutations affected in the reductive activation of the ATP synthase by thioredoxin (due to amino acid substitutions in the g-subunit) have an adverse effect on photosynthesis and plant growth in low light (Wu et al., 2007) , although also in this case, the mechanistic basis has not been explored.
Steady State pmf Is Increased in ATP Synthase Mutants
In vivo probing of both electron and proton transfer allowed us to follow the effects of reduced ATP synthase expression on the photosynthetic energy budget. We found that reduced ATP synthase activity leads to an increased steady state pmf ( Figure  5A ). Even though the partitioning of pmf into Dc and DpH components was shifted in favor of DC in both atpC1 and GTG-atpB, especially at low light intensities (Figure 5B ), the strongly increased pmf led to a higher DpH and thus a more acidic lumenal pH.
Thus, it appears likely that the growth phenotype of the strong antisense plant represents an indirect inhibition of linear electron flux by the increased acidification of the lumen due to restricted PQ reoxidation, a phenomenon referred to as photosynthetic control ( Figures 7B and 7C) . PQ oxidation represents a ratelimiting step in linear electron flux, even in wild-type plants under nonstressed conditions (Anderson, 1992; Price et al., 1998) , but it is further slowed down when the pH value in the thylakoid lumen drops below 6.5. This is because PQ oxidation now works against a much higher preestablished pmf (Kramer et al., 1999; Hope, 2000) . Supporting this view, ATP synthase repression led to a more reduced PQ pool ( Figure 6B ) and a more oxidized high potential chain ( Figure 7A ), clearly indicating a restriction in electron flow at the level of cyt-bf. The colimitation (or coregulation) of proton flow through the ATP synthase and electron flow through the photosynthetic chain should result in restrictions in both ATP and NADPH synthesis, which in turn result in downregulation of the Calvin cycle.
Excess ATP Synthase Capacity in Wild-Type Plants
Interestingly, neither antisense line atpC2 nor the aadA-atpB control or the TTG-atpB mutant, which suffer from an up to 40% reduction in ATP synthase contents, displayed a significant decrease in ATP synthase activity ( Figure 4A ) and assimilation capacity ( Figure 4B ). Only in the GTG-atpB mutant and the strong antisense line atpC1, which contain ATP synthase contents between 20 and <5% of wild-type levels, were clear correlations between ATP synthase content and activity observed. We conclude that ATP synthase activity is not exclusively controlled by absolute enzyme contents but instead is highly regulated at the level of enzyme activity. This was previously demonstrated by Kanazawa and Kramer (2002) , showing strong effects of CO 2 levels on ATP synthase activity. When CO 2 was increased from 0 to 2000 ppm, ATP synthase activity increased by approximately sixfold, leading to large changes in the regulation of photosynthesis. It is noteworthy that the maximum ATP synthase activity was not yet reached at 350 ppm CO 2 , implying that ATP synthase is partly downregulated at ambient CO 2 . Maximum ATP synthase activity was established at 500 ppm CO 2 , followed by a minor decrease when CO 2 contents were further increased up to 2000 ppm (Kiirats et al., 2009 ). All these data suggest that the ATP synthase is dynamically regulated, and significant reductions in complex content can be compensated by upregulating the enzymatic activity.
The mechanism underlying this dynamic regulation of ATP synthase activity is still not fully understood. One well-established level of ATP synthase regulation is its reductive activation via the thioredoxin system, which has strong effects on enzyme activity. The oxidized enzyme operates at <20% of the rate of the fully activated, reduced form (Wu and Ort, 2008) . However, as quantitative reduction of the g-subunit occurs already after short illumination at low light intensities (Wu and Ort, 2008) , this reductive activation is unlikely to account for the discrepancy between ATP synthase content and activity under the lightsaturated conditions measured here.
It has been suggested that stromal inorganic phosphate levels, modulated by metabolic processes, may regulate ATP synthase activity (Sharkey and Vanderveer, 1989; Takizawa et al., 2008) . However, our measurements were performed in saturating CO 2 and after full activation of the Calvin cycle to ensure rapid metabolic consumption of ATP and NADPH. Therefore, a phosphate limitation is unlikely to significantly contribute to the downregulation of ATP synthase activity in our experiments. The catalytic b-subunit of the ATP synthase is known to contain several phosphorylation sites (del Riego et al., 2006; Reiland et al., 2009) . While two of the sites show strong changes in phosphorylation between day and night and thus could be involved in the nocturnal inactivation of ATP synthase, a third phosphorylation site may be involved in binding of 14-3-3 proteins, which can drastically reduce ATP synthase activity in vitro (Bunney et al., 2001) . Therefore, this site seems to be the strongest candidate for regulating ATP synthase activity in the light. However, so far, no direct effect of phosphorylation on ATP synthase activity has been demonstrated in vivo. Furthermore, a metabolically controlled dimerization of the C. reinhardtii plastid ATP synthase has been shown (Schwassmann et al., 2007) , but an effect on enzyme activity has not been demonstrated yet. Therefore, the reason for the discrepancy between the downregulation of the ATP synthase contents and the less pronounced reduction in activity currently cannot be fully resolved. In this context, it would be interesting to investigate if phosphorylation and/or oligomerization of the ATP synthase differ between the wild type and our transformants with decreased ATP synthase accumulation.
Sensitivity of the Photosynthetic Apparatus to Increased Lumenal Acidification
Under the conditions tested here, we observed no strong increase in photosensitivity in our ATP synthase mutants. The maximum variable PSII fluorescence (F v /F m ) in the strong antisense line atpC1 was indistinguishable from that in the wild type (Table 1) . Also, the GTG-atpB mutant suffering from the most pronounced reduction in ATP synthase content and linear electron flux displayed only a mild reduction of F v /F m . These results imply that neither the increase in Q A reduction ( Figure 6B ) nor the increased lumenal acidification ( Figure 5 ) result in photodamage that would exceed the repair capacity of the chloroplast (Aro et al., 2005) .
Lumenal pH values below 5.5 have been observed to dramatically accelerate photodamage in vitro, particularly at the donor side of PSII (Krieger and Weis, 1993; Kramer et al., 1999) . Also, PC is highly sensitive to pH values below 5.5 (Gross et al., 1994; Kramer et al., 1999) . However, in both the strong antisense line and the GTG-atpB mutant, the content of redox-active PC actually increased (Tables 1 and 2 ). The fact that we observed neither increased PSII photodamage nor inactivation of PC suggests that the lumenal pH did not decrease below this threshold value. Alternatively, the tobacco photosynthetic apparatus might be unusually acid resistant. At present, we favor the former scenario, noting that the pH sensitivity of cyt-bf should act as a feedback regulator preventing overacidification by slowing down electron transfer as pH decreases. Likewise, increased lumenal acidification also activates photoprotective qE quenching ( Figure 6C ), thereby at least partly ameliorating the photoinhibitory effects of a more reduced PQ pool ( Figure 6B) . Therefore, the lack of pronounced photodamage in the strong ATP synthase mutants is broadly in line with the proposed role of the ATP synthase in coregulating the light reactions by decreasing electron transfer and triggering antenna downregulation (Takizawa et al., 2007) .
The increase in redox-active PC can most likely be attributed to the strongly repressed assimilation capacity of the mutants. PC expression is known to be repressed via sugar sensing when high amounts of photoassimilate accumulate in source leaves (Oswald et al., 2001; Schö ttler et al., 2004) . Thus, the strongly restricted assimilation in both mutants could result in a derepression of PC. Interestingly, while PC accumulation was increased and neither accumulation nor functional integrity of PSII was strongly affected, both the atpC1 and the GTG-atpB mutants suffered from a 20% reduction of redox-active PSI per chlorophyll (Tables 1 and 2 ). This could indicate that PSI represents the component of the photosynthetic apparatus that is most sensitive to lumenal acidification.
Alternatively, the observed PSI repression could be due to retrograde signals elicited by the repression of ATP synthase. However, the observed repression of PSI cannot be reconciled with any of the known retrograde signals, which should rather result in an upregulation of PSI in the mutants because their PQ pool is chronically overreduced. This should increase PSI contents and repress PSII accumulation because a reduced PQ pool stimulates transcription of the genes for the PSI reaction center subunits psaA and psaB and represses the expression of PSII reaction center subunits to counteract the redox imbalance (Pfannschmidt et al., 1999 (Pfannschmidt et al., , 2009 ). Likewise, redox signals originating from the more oxidized stroma or from the altered metabolic state should rather activate than repress PSI biogenesis (Pogson et al., 2008; Pfannschmidt et al., 2009 ). An attractive alternative possibility would be direct signaling from the pmf or the acidified thylakoid lumen. However, no clear evidence for such a signaling mechanism has been obtained to date, and at least expression of the nuclear AtpC gene ( Figure 2C ) would not be a major target of such a pathway because it was unaltered in the atpB translation mutants. Future investigations should reveal if the reduced PSI accumulation is attributable to direct damage by increased lumenal acidification or rather to altered photosynthetic gene expression. 316 The Plant Cell
The ATP Synthase as a Potent Control Point for Photosynthesis
Our data establish the ATP synthase as an additional control point of the photosynthetic light reactions, as previously suggested by Kramer et al. (2003) , in addition to cyt-bf (Anderson, 1992; Price et al., 1995; Kirchhoff et al., 2000) and potentially PC (Schö ttler et al., 2004) . However, while already very small changes in cyt-bf content and activity linearly affect linear electron flux and assimilation (Price et al., 1998; Kirchhoff et al., 2000) , an up to 50% decrease in ATP synthase content can be compensated on a posttranslational level. The relevance of ATP synthase adjustment is obvious from the fact that an up to fivefold downregulation of ATP synthase contents occur during leaf ageing (Schö ttler et al., 2007a) and in response to drought stress (Tezara et al., 1999; Kohzuma et al., 2009) . Flux control by such strong changes could be even more efficient than by downregulation of cyt-bf. While cyt-bf and PC repression would reduce linear flux directly, ATP synthase regulation would reduce it indirectly due to increased pmf across the thylakoid membrane and photosynthetic control. However, upon ATP synthase repression, the onset of photoprotective mechanisms is shifted to lower light intensities because lower proton influx rates can sufficiently acidify the lumen to trigger qN. This results in a decrease of the photosynthetic quantum efficiency and thus reduces plant growth. By contrast, selective suppression of cyt-bf without a parallel downregulation of the ATP synthase should have a lower impact on quantum efficiency because it reduces only the capacity for proton influx into the lumen, whereas proton efflux through the ATP synthase would remain high. This should result in a lower steady state pmf and, consequently, in a less efficient induction of the photoprotective mechanisms. Evidence for this scenario comes from our characterization of a DpetL mutant suffering from accelerated leaf age-dependent loss of cyt-bf and reduced electron flux capacity due to absence of a small subunit of the cyt-bf. As the ATP synthase is not degraded in parallel with cyt-bf, but instead maintained at wild-type levels, nonphotochemical quenching in these mutants is compromised (Schö ttler et al., 2007b) .
By a strict coregulation of ATP synthase and cyt-bf contents during leaf ageing in tobacco (Schö ttler et al., 2007a) , plants can balance the rates of proton influx via electron transport and proton efflux through the ATP synthase in a way that under nonstressed conditions lumen acidification is kept close to but above the threshold value for triggering photoprotective mechanisms, such as qN and photosynthetic control. In this way, optimum photosynthesis with a high quantum efficiency is ensured. However, when ATP and NADPH consumption by the Calvin cycle decreases, the reduced proton efflux through the ATP synthase results in an immediate decrease of the lumenal pH below the threshold value for activation of the photoprotective mechanisms, thus enabling a rapid response of the plant to this disturbance. Therefore, we postulate ATP synthase as a major control point in the long-term adjustment of the photosynthetic light reactions to changing metabolic demands. Furthermore, we suggest that coregulation of linear electron flux (via cyt-bf and PC contents) with the proton circuit (via ATP synthase accumulation) is required to maintain an optimum steady state lumenal pH value under unstressed conditions. This mechanism allows the plant to tightly control the induction of photoprotective mechanisms, thus optimizing photosynthetic quantum efficiency.
METHODS
Plant Material and Growth Conditions
Tobacco (Nicotiana tabacum) AtpC antisense lines were raised from seeds germinated on Petri dishes containing Murashige and Skoog medium supplemented with 2% (w/v) sucrose and 300 mg mL 21 kanamycin. Wild-type seedlings were grown on the medium without kanamycin. Fourteen days after germination, the seedlings were transferred to a soil-vermiculite mixture (2:1; Floragard Vertriebs) and grown in a controlled-environment chamber. Transplastomic plants were grown on soil. All plants were fertilized with Hakaphos Special (Compo Expert) to keep the soil moist. All measurements were performed on the youngest fully expanded leaves at the onset of flowering. The actinic light intensity was 300 mmol photons m 22 s 21 at the level of these leaves. The plants were illuminated for 16 h at 228C. The growth temperature was reduced to 188C during the night. Relative humidity was set to 75%.
Generation of Antisense Constructs and Nuclear Transformation
The antisense construct was expressed under the control of the cauliflower mosaic virus 35S promoter and assembled in a plasmid vector described previously (Lein et al., 2008) . Correct insertion of the cassette was verified by PCR with genomic DNA as template and primers 35S (59-GTGGATTGATGTGATATCTCC-39) and octopine synthase (59-GTA-AGGATCTGAGCTACACAT-39) followed by direct sequencing of the PCR products (Lein et al., 2008) . Tobacco plants (cv Samsun NN) were transformed with the antisense construct by Agrobacterium tumefaciensmediated gene transfer using A. tumefaciens strain C58C1:pGV2260 (Rosahl et al., 1987) .
Vector Construction for Plastid Transformation and Generation of Transplastomic Plants
The region of the tobacco plastid genome containing part of the accD gene, the large subunit of ribulose-1,5-bisphosphate carboxylase/oxygenase (rbcL), and the 59 portion of the atpB gene was isolated as a 5132-bp XhoI/StuI restriction fragment corresponding to plastome positions 55360 to 60492 (Figure 2A ). The fragment was cloned into a pBS SK vector (Stratagene) cut with XhoI and Ecl136II. To remove the Eco0109I site from the remaining multiple cloning site, the resulting plasmid was linearized with Eco0109I, and the recessed ends were filled in using the Klenow enzyme followed by religation. A chimeric aadA gene fused to chloroplast-specific expression signals and conferring resistance to the aminoglycoside antibiotics spectinomycin and streptomycin (Svab and Maliga, 1993) was cloned into a unique ClaI site (position 57175) to enable selection of transplastomic lines. Constructs containing the aadA selectable marker gene in the same orientation as the rbcL gene were chosen for all further cloning steps. This construct was called aadA-atpB, as it contained the selectable marker gene and the atpB gene without any point mutations in its translation initiation codon.
The aadA-atpB construct was then used to produce the translation initiation codon mutations by PCR. The region surrounding the ATG start codon was excised by digestion with NheI and Eco0109I (restriction sites correspond to nucleotide positions 56844 and 56410, respectively) and replaced by PCR products carrying the point mutations. The mutations were introduced with the primer sequences (see below), yielding the final transformation vectors TTG-atpB and GTG-atpB. Primer oMR1_pMR111_fw was used to generate the ATG-to-TTG mutation (59-GTGCTAGCGGA-CATTTATTTTGAATTCGATAATTTTTGCAAAAACATTTCGACATATTTAT-TTATTTTATTATTTTGAG-39), primer oMR2_pMR112_fw was used for the ATG-to-GTG mutation (59-GTGCTAGCGGAATTTATTTTGAATTCGATA-ATTTTTGCAAAAACATTTCGACATATTTATTTATTTTATTATTGTGAG-39), and primer oMR8_pMR110_bw was used as the reverse primer for both PCR amplifications (59-GCGCAGATCTATGAATAGGA-39).
Young sterile leaves of tobacco cultivar PH were bombarded with the respective transformation vectors bound to gold particles (0.6-mm diameter) using a helium-driven biolistic gun (PDS-1000 He; Bio-Rad). Primary transformants were selected from 5 3 5-mm leaf pieces on plant regeneration medium containing 500 mg/L spectinomycin. Several independent transplastomic lines were then subjected to a maximum of three additional rounds of regeneration on spectinomycin-containing medium to enrich for the transplastome and select against residual copies of the wildtype plastome. Spontaneous spectinomycin-resistant lines were eliminated via double selection on media containing both spectinomycin and streptomycin in a concentration of 500 mg/L each (Svab and Maliga, 1993; Bock 2001) . Homoplasmic transplastomic lines were transferred to the greenhouse for seed production. The presence of the point mutations in the TTGatpB and GTG-atpB mutants was confirmed by DNA sequencing.
DNA Gel Blot and RNA Gel Blot Analyses
Total plant DNA was isolated by a rapid cetyltrimethylammoniumbromide-based miniprep procedure (Doyle and Doyle, 1990) . DNA samples digested with restriction enzymes were separated in 0.8 to 1.0% agarose gels and blotted onto Hybond-XL nylon membranes (GE Healthcare) according to the manufacturer's instructions. RNA was extracted from leaves using the peqGold Trifast reagent (Peqlab). Samples equivalent to 2.5 mg RNA were separated in 1% formaldehyde-containing agarose gels and blotted onto Hybond-XL nylon membranes. For hybridization, a[ 32 P] dCTP-labeled probes were generated by random priming (Multiprime DNA labeling kit; GE Healthcare). Hybridizations were performed at 658C in rapid hybridization buffer (GE Healthcare) following the manufacturer's protocol. An AtpC-specific probe was generated by PCR amplification from genomic DNA with the primers OMR14 (59-GAGGCTATGAA-GCTTGTTGC-39) and OMR15 (59-GGAAGCAGGGTGTGAATCAC-39). Hybridizations were performed at 658C in Rapid-Hyb buffer (Amersham Biosciences) following the protocol of the manufacturer. Hybridization signals were quantified using a Typhoon Trio+ variable mode imager (Amersham Biosciences) and Image Quant 5.2 software.
Polysome Analysis
Polysome-associated mRNAs were isolated from leaves and separated in sucrose gradients as described previously (Rogalski et al., 2008) . The sucrose gradients were fractionated, and the RNA precipitated from each fraction and dissolved in 30 mL of water. Eight-microliter aliquots were denaturated for 5 min at 958C and loaded onto formaldehyde-containing denaturing agarose gels. After electrophoretic separation, RNAs were transferred to membranes as described above.
Gas Exchange Measurements
Leaf assimilation and linear electron flux were measured using the GFS-3000FL gas exchange system equipped with the standard measuring head 3010-S (8-cm 2 leaf area) and the LED-Array/PAM fluorometer module 3055-FL for actinic illumination and chlorophyll-a fluorescence determination on intact tobacco plants (Heinz Walz). Light response curves of CO 2 fixation were measured at 208C cuvette temperature and 17,500 ppm humidity in 2000 ppm CO 2 . The light intensity was stepwise increased from 0 to 2000 mmol photons m 22 s 21 , and at each light intensity, gas exchange was recorded until a steady state of transpiration and stomatal responses was achieved (i.e., for between 30 and 45 min). The quantum efficiency of CO 2 fixation was determined in the linear light response range between 0 and 60 mmol photons m 22 s 21 (wild type and weak mutants) or between 0 and 40 mmol photons m 22 s 21 (strong mutants). After the end of the gas exchange measurements, leaf absorptance was determined using an integrating sphere (ISV-469; Jasco) attached to the V550 spectrophotometer (Jasco). The spectral bandwidth was set to 1 nm, and the scanning speed was 200 nm min 21 . The transmission and reflectance spectra were measured between 700-and 400-nm wavelength, and leaf absorptance was calculated as 100% -transmittance (%) -reflectance (%). Finally, the chlorophyll content of the measured leaf discs was determined according to Porra et al. (1989) . Assimilation rates were corrected for the dark respiration, assuming comparable respiratory activities in the light and in darkness (Fernie et al., 2004) .
pmf Measurements and ATP Synthase Activity
The electrochromic absorption shift (ECS) was used as an in vivo probe of the pmf across the thylakoid membrane (Kramer et al., 2003; Takizawa et al., 2007) . The difference transmission signal was measured using a KLAS-100 LED-array spectrophotometer (Heinz Walz), allowing the simultaneous measurement of light-induced difference absorption signals at eight pairs of wavelengths in the visible range of the spectrum between 505 and 570 nm. The first two wavelength pairs at 505 to 520 and 520 to 535 nm are dominated by the electrochromic shift as well as by the slow zeaxanthin to violaxanthin conversion (505 to 520 nm) and the scattering signal most likely arising from PsbS protonation (520 to 535 nm). The other wavelength pairs (540 to 545 nm, 545 to 550nm, 550 to 554 nm, 554 to 559 nm, 559 to 563nm, and 563 to 570nm) are mainly used for the measurements of the C550 pheophytin signal and of cytochrome signals. The ECS was deconvoluted from signals arising from zeaxanthin formation, scattering effects, the C550 signal, and from redox changes of the cytochromes f, b 6 , and b 559 , essentially as described by Klughammer et al. (1990) . The deconvoluted transmission signals (DI/I) were then normalized to the chlorophyll content of the measured leaf section.
The maximum amplitude of the ECS (ECS T ) was used as a measure for the light-induced pmf across the thylakoid membrane. The measurements were performed at 208C under CO 2 -saturated conditions (2000 ppm). Leaves were illuminated for 10 min prior to each measurement to allow photosynthesis to reach steady state. ECS T was determined after illuminating the leaves with saturating light (2100 mmol photons m 22 s 21 ), which then was interrupted by a short interval of darkness (15 s), and the dark-interval relaxation kinetics of the ECS and of cyt-f (cyt-f) reduction were measured. Dark intervals (15 s) were sufficient for complete relaxation of the pmf. To obtain light saturation curves of the pmf, dark-interval relaxation kinetics after illumination at subsaturating light intensities between 200 and 2100 mmol photons m 22 s 21 were measured. pmf partitioning into DpH and DC was resolved by analyzing the slowly relaxing phase of the ECS between 1 and 15 s of darkness as described by Takizawa et al. (2007) .
To determine ATP synthase activity, the fast phase (between 0 and 500 ms after the end of actinic illumination) of the dark-interval relaxation kinetics measured at saturating light (2100 mmol photons m 22 s 21 ) was fitted with a single exponential decay function. The reciprocal value of the halftime of the ECS decay, the thylakoid conductivity (gH + ), was used as a measure of ATP synthase activity because fast ECS decay is exclusively attributable to proton efflux through the ATP synthase (Cruz et al., 2001; Baker et al., 2007) .
Thylakoid Membrane Isolation and Quantitation of Photosynthetic Complexes
Thylakoid membranes were isolated according to Schö ttler et al. (2004) . The contents of PSII and cyt-bf were determined from difference 318
The Plant Cell absorption signals of cyt-b 559 (PSII) and cyt-f and b 6 (cyt-bf). Thylakoids equivalent to 50 mg chlorophyll mL 21 were destacked in a low salt medium to improve the optical properties of the probe (Kirchhoff et al., 2002) . All cytochromes were oxidized by the addition of 1 mM potassium ferricyanide (+III) and subsequently reduced by addition of 10 mM sodium ascorbate and dithionite, resulting in the reduction of cyt-f and the highpotential form of cyt-b 559 (ascorbate-ferricyanide difference spectrum) and of cyt-b 6 and the low-potential form of cyt-b 559 , respectively. At each redox potential, absorption spectra were measured between 575-and 540-nm wavelength with a V-550 spectrophotometer (Jasco) equipped with a head-on photomultiplier. The spectral bandwidth was 1 nm, and the scanning speed was 100 nm min 21 . Difference absorption spectra were deconvoluted using reference spectra and difference extinction coefficients as by Kirchhoff et al. (2002) . PSII contents were calculated from the sum of the high-and low-potential difference absorption signals of cyt-b 559 (Lamkemeyer et al., 2006) . The content of redox-active PSI was determined from light-induced difference absorption changes of P 700 , the PSI reaction center chlorophyll-a special pair dimer. Isolated thylakoids equivalent to 50 mg chlorophyll mL 21 were solubilized with 0.2% (w/v) b-dodecylmaltoside in the presence of 100 mM paraquat as electron acceptor and of 10 mM sodium ascorbate as electron donor. P 700 was oxidized by the application of a saturating light pulse (2000 mmol photons m 22 s 21 red light, 200-ms duration). Measurements were done using the Dual-PAM instrument (Heinz Walz) in its PC-P 700 version (see below).
PC contents, relative to P 700 , were determined by in vivo difference absorption spectroscopy in the far-red range of the spectrum and then recalculated based on the absolute P 700 quantification in isolated thylakoids (see above). Light-induced absorption changes at 800-to 870-nm wavelength (where the contribution of P 700 is predominant) and at 870-to 950-nm wavelength (predominantly arising from PC) were measured on preilluminated leaves with a fully activated Calvin cycle to avoid acceptor side limitation of PSI (Schö ttler et al., 2007a) . To determine the maximum difference absorption signals of PC and PSI, preilluminated leaves were transferred into darkness for a few seconds to fully reduce both components, and this was followed by 8 s of illumination with far-red light (715-nm wavelength) to selectively excite PSI. Then, a saturating pulse of red light was applied (635-nm wavelength, 5000 mmol photons m 22 s 21 , 200-ms duration), to completely oxidize PC and PSI and reduce the PSII side of the electron transport chain. At the end of the actinic light pulse, all light sources were switched off, and PC and PSI reduction kinetics were determined.
Chlorophyll-a Fluorescence
The 77K chlorophyll-a fluorescence emission was determined on freshly isolated thylakoids equivalent to 10 mg chlorophyll mL 21 using an F-6500 fluorometer (Jasco). The sample was excited at 430-nm wavelength (10-nm bandwidth). The emission spectra between 655 and 800 nm were recorded with a bandwidth of 1 nm. Chlorophyll-a fluorescence of intact leaves was measured at room temperature using a Dual-PAM-100 instrument (Heinz Walz). Light-response curves of linear electron flux and of nonphotochemical quenching as well as of the redox state of the PQ pool were recorded on intact leaves after 30 min of dark adaptation. The redox state of the PSII acceptor side was calculated from the qL parameter (Kramer et al., 2004) , while qN was determined according to Krause and Weis (1991) . Electron transport rates were corrected for leaf absorptance (see above).
Protein Gel Electrophoresis and Protein Gel Blots
Thylakoid proteins separated by SDS-PAGE (Perfect Blue twin gel system; Peqlab) were transferred to a polyvinylidene difluoride membrane (Hybond P) using a tank blotting system (Perfect Blue Web M; PeqLab). Specific polyclonal antibodies produced in rabbit against PsbD, PetA, PsaA, AtpA, and AtpB were purchased from AgriSera. As secondary antibody, an anti-rabbit IgG peroxidize conjugate was used (SigmaAldrich). Immunochemical detection was performed with the ECL system (GE Healthcare) according to the instructions of the manufacturer. Signal intensities of the x-ray films were quantified using the ImageQuant software (GE Healthcare) as described (Drechsel and Bock, 2010) .
Accession Numbers
Sequence data from this article can be found in the GenBank/EMBL data libraries under the following accession numbers: N. tabacum chloroplast genome DNA containing the annotated genes of accD, rbcL, atpB, and atpE (Z00044.2); aadA selectable marker gene for chloroplast transformation (AJ312391.1), and N. tabacum atpC EST (X63606.1).
